Streptococcus mutans has been implicated as one of the most important microbial agents in human dental caries (11) . The regulation of acid production in this organism inhabiting dental plaque on tooth surfaces has been of particular interest because the resulting acid fermentation products from dietary sugars can demineralize the enamel tooth surfaces, resulting in dental caries.
S. mutans produces lactic acid as the primary fermentation product when grown with an excess of rapidly fermentable sugars, including glucose, fructose, or sucrose, and when grown under aerobic conditions with any sugars. However, this organism produces volatile end products, including formate, acetate, and ethanol, when grown anaerobically under sugar limitation (1, 4, 27, 28) . This organism also ferments mannitol and sorbitol to ethanol (3) . The regulatory mechanisms controlling the production of distinct fermentation products have been investigated extensively for this organism and other oral streptococci, and the results have revealed that pyruvate formatelyase plays a central role in regulating fermentation (26) .
Pyruvate formate-lyase is essential for anaerobic sugar alcohol metabolism in S. mutans (1) . Sugar alcohols contain two more hydrogen atoms than hexoses, and metabolism of sugar alcohols results in a higher ratio of intracellular NADH/NAD than the metabolism of hexoses does. Unless NAD is recycled, catabolism through the Embden-Meyerhof pathway of this organism will be inhibited. In S. mutans, two NAD(H)-dependent enzymes (aldehyde dehydrogenase and alcohol dehydrogenase) catalyzing conversion of acetyl coenzyme A into ethanol are also essential for NAD regeneration under anaerobic conditions. Meanwhile, S. mutans pyruvate formate-lyase was also reported to be extremely dioxygen sensitive (21, 28) . This enzyme is not necessary to aerobically metabolize sugar alcohols, since NAD is regenerated directly by NADH oxidase (6) .
To elucidate the regulatory mechanisms controlling transcription of the pfl gene under aerobic or anaerobic conditions, the pfl gene from S. mutans must be isolated and characterized. We have isolated a mutant of S. mutans GS-5 that is unable to anaerobically metabolize sorbitol following random mutagenesis with plasmid pVA891 clone banks. On the basis of the characterization of this mutant, we report the isolation of a pyruvate formate-lyase-negative mutant of S. mutans and the cloning and sequencing of the pfl gene. The amino acid sequence deduced from the pfl gene was also compared with that from the homologous Escherichia coli gene.
The pyruvate formate-lyase-negative mutants should be useful in animal experiments to determine whether sugar metabolism involving this enzyme is important for the cariogenicity of this organism.
MATERIALS AND METHODS
Bacterial strains. S. mutans GS-5, its spontaneous colonization-defective strain GS-5IS3, and E. coli HB101 and JM109 were maintained and grown routinely as described previously (14, 24, 29) .
Random mutagenesis of chromosomal DNA with pVA891. The procedure to randomly mutagenize the S. mutans chromosome with pVA891 clone banks was described previously (17) . Briefly, S. mutans chromosomal DNA fragments completely digested with restriction enzyme Sau3AI were ligated to BamHI-digested plasmid pVA891 (12) . Frozen competent E. coli HB101 cells (Takara Shuzo, Kyoto, Japan) were transformed with the ligation mixtures, and the transformants were then transferred directly into Luria-Bertani (LB) broth for subsequent plasmid preparations. Plasmids were pooled from five similar preparations. The pooled E. coli plasmids were utilized to transform S. mutans. Transformants were detected on BTR (1% Bacto Tryptone, 0.1% Bacto Yeast Extract, 0.05% sodium thioglycolate, 0.61% K 2 HPO 4 , 0.2% KH 2 PO 4 , 1 mM MgSO 4 , 0.1 mM MnSO 4 ) agar plates containing 0.2% sorbitol, 0.04% glucose, and 10 g of erythromycin per ml (BTR-SrGE) following anaerobic incubation for 3 days at 37ЊC. Initially, potential sorbitol-negative transformants were detected as small colonies. These colonies were then streaked onto both BTRerythromycin agar plates containing 0.2% glucose (BTR-GE) and BTR-erythromycin plates containing 0.2% sorbitol (BTR-SrE), and the plates were then incubated an aerobically for 2 days at 37ЊC. Transformants that did not grow on the BTR-SrE agar plates but grew as large colonies on the BTR-GE plates were tentatively identified as sorbitol-negative transformants.
Recovery of DNA fragments flanking the pVA891 insertion. Following Southern hybridization analysis of chromosomal DNA from the sorbitol-negative transformants, chromosomal DNA from the transformants was isolated, digested with an appropriate restriction endonuclease to generate fragments containing pVA891, and self-ligated. E. coli HB101-competent cells were then transformed with the ligation mixtures, and plasmids with flanking regions were recovered as described previously (17) . The fragments flanking plasmid pVA891 were characterized extensively following restriction endonuclease digestion with enzymes selected on the basis of the Southern blot hybridization patterns of this region of the chromosome.
Nucleotide sequencing and sequence analysis. DNA fragments to be sequenced were subcloned into pBluescript II KS (ϩ) or SK (ϩ) (Stratagene), pUC18 or 19, or pKmOZЈ18 or 19 (20) . Sequential deletion clones of the fragments in the vectors were obtained by the exonuclease III and mung bean nuclease system (Takara Shuzo) (5). Sequencing was accomplished by the dideoxy chain termination method (16) by use of the Taq Dye Primer Cycle Sequencing Kit (Applied Biosystems) with universal and reverse primers, the Taq Dye Terminator Cycle Sequencing Kit (Applied Biosystems) with synthetic oligonucleotide primers, and a thermal cycler (Perkin Elmer-Cetus model PJ2000). An automated DNA sequencer (Applied Biosystems model 373A) was utilized to determine the nucleotide sequence of both strands of the 3-kb PstIXbaI fragment. Sequence analysis was carried out with the DNASIS-Mac program (Hitachi Software Engineering). The DDBJ (DNA Data Bank of Japan) sequence databases were searched for similar amino acid sequences by use of the FASTA program.
Construction of deletion and insertion mutants in S. mutans. Deletion and insertion mutants were constructed, respectively, by allelic exchange and integration of plasmids containing an internal fragment of the target gene as described previously (18) . The predicted deletion of the fragment from or insertion of the plasmid into the chromosome of S. mutans was confirmed by Southern hybridization analysis.
Preparation of cell extracts and enzyme assays. Preparation of cell extracts and enzyme assays were performed under anaerobic conditions as described previously (21) . Briefly, cells were grown with galactose under anaerobic conditions, washed, and stored at Ϫ20ЊC. The frozen cell paste was then thawed, suspended in potassium phosphate buffer (pH 6.8), and disrupted by sonication. The cell debris was removed by centrifugation, and the 17,500 ϫ g supernatant fluid was obtained as the cell extract. Pyruvate formate-lyase and lactate dehydrogenase activities were determined by spectrophotometric assays as described previously by recording the change in A 340 (21, 28) . The reaction mixture for the pyruvate formate-lyase assay contained 20 mM sodium pyruvate, 0.08 mM coenzyme A, 1 mM NAD, 6 mM sodium malate, 2 mM dithiothreitol, 1.4 U of citrate synthase per ml, 14 U of malate dehydrogenase per ml, and cell extract in 100 mM potassium phosphate buffer (pH 7.6). The assay system for lactate dehydrogenase contained 20 mM sodium pyruvate, 0.24 mM NADH, 0.5 mM fructose 1,6-diphosphate, and cell extract in 50 mM acetate buffer (pH 6.0). The protein concentrations in the cell extracts were determined by the biuret method (10) .
Nucleotide sequence accession number. The pfl nucleotide sequence data presented in this paper will appear in the GSDB, DDBJ, EMBL, and NCBI nucleotide sequence databases under the accession number D50491.
RESULTS AND DISCUSSION
Isolation and characterization of sorbitol-negative mutants of S. mutans. Construction of a marker rescue plasmid clone bank and random mutagenesis of the S. mutans GS-5IS3 chromosome were carried out as described previously (17) . Since a plasmid containing a Sau3AI fragment from the S. mutans chromosome becomes integrated into the chromosomal copy of the fragment, erythromycin-resistant transformants were detected following transformation with the clone bank. Transformation was repeated 10 times, and approximately 8,000 transformants were totally screened on BTR-SrGE plates. For the initial screening, 200 small colonies on the plates were selected and streaked onto both BTR-GE and BTR-SrE plates. One transformant which did not grow on a BTR-SrE plate but grew as well as the parental strain on the BTR-GE plate was isolated and designated SAK011. At first, we expected that the transformant, SAK011, resulted from a mutation in a gene involved in sorbitol transport or catabolism. However, SAK011 could metabolize sorbitol aerobically in spite of its inability to do so anaerobically. This suggested that logical candidates for a mutated enzyme in SAK011 might be pyruvate formate-lyase (which is well known as a key enzyme for fermentation regulation in oral streptococci) or one of its downstream NAD(H)-dependent enzymes catalyzing the conversion of acetyl coenzyme A to ethanol via acetaldehyde (aldehyde dehydrogenase and alcohol dehydrogenase). Recycling of NAD is essential for sugar metabolism in S. mutans both aerobically and anaerobically (26) . Regeneration of NAD can be maintained solely by lactate dehydrogenase when hexoses are catabolized. However, additional NADH produced by catabolism of sugar alcohols such as sorbitol should be dehydrogenated to NAD only by the enzymes in the pathway downstream from pyruvate formate-lyase under anaerobic conditions, while this process can be mediated by dioxygen-dependent NADH oxidase under aerobic conditions (6) . Therefore, the mutation in this anaerobic sorbitol-negative mutant, SAK011, was further characterized.
Southern hybridization analysis (data not shown) of the chromosomes of SAK011 and its parental strain GS-5IS3 revealed that a region flanking the pVA891 insertion in the transformant (Fig. 1, left side of the insertion) was altered relative to the corresponding region of the chromosome in the parental strain. Further comparison suggested that a deletion and/or chromosomal rearrangement may have occurred in this region in the SAK011 chromosome. To confirm the genetic linkage of the pVA891 insertion with an alteration of anaerobic sorbitol catabolism in SAK011, chromosomal DNA from SAK011 was transformed into parental strain GS-5IS3. Hundreds of very tiny colonies were detected on BTR-SrE agar plates when 100 l of transformed culture was plated and incubated at 37ЊC anaerobically for 2 days, while hundreds of large colonies were detected on BTR-GE plates from the same culture under the same incubation conditions. When the BTR- SrE plate was incubated aerobically, all of the very tiny colonies became as large as those on a BTR-GE plate within 24 h. Since the restriction map of one of the flanking regions from the insertion in the chromosome of SAK011 was the same as the corresponding region from the parental strain, a smaller portion of the region was recovered as plasmid pSAK01H2 from the transformant by a marker rescue method following HindIII digestion of mutant chromosomal DNA (Fig. 1) . The parental strain was again transformed with pSAK01H2, and this transformant was designated SAK1H1. Southern hybridization analysis of SAK1H1 and the parental strain following digestion with several restriction enzymes revealed that SAK1H1 resulted from simple integration of the plasmid by a single crossover event. To compare restriction sites in detail, larger fragments containing the left end of the insertion were recovered from both SAK011 and SAK1H1 following BamHI digestion of the two mutant chromosomal DNAs. The recovered plasmids were designated pSAK011B and pSAK1H1B, respectively (Fig. 1) . Additional flanking regions from the chromosome of SAK1H1 were obtained by chromosomal walking by use of the marker rescue method. The restriction analysis with enzymes depicted in Fig. 1 indicated that a 10-kb DNA fragment flanking the pVA891 insertion in SAK1H1 was very likely deleted in the chromosome of SAK011 and that this deletion is relevant to the mutant phenotype. However, it is not clear why this region was deleted from the chromosome of SAK011 during the initial transformation-integration process.
To determine the identity of the deleted genes responsible for the mutant phenotype, several deletion and insertion mutants of S. mutans were constructed within the region deleted in the mutant (Fig. 2, SAKC5Y2H1 , for example). Figure 2 shows the restriction maps of four representative constructs. These results suggested that the responsible gene region encompasses a 1-kb EcoRI fragment within a 3-kb PstI-XbaI fragment. Furthermore, the amino acid sequences deduced from partial sequencing of the EcoRI fragment revealed high similarity with that of the E. coli pyruvate formate-lyase gene. The pyruvate formate-lyase activities of the mutants and the parental strain were then assayed. The activity was not detected in cell extracts from the anaerobic sorbitol-negative mutants SAK011 and SAKC5Y2C1 but was detected in extracts from sorbitol-positive SAK1H1 and the parental strain (Table 1) . Equal lactate dehydrogenase activities were also detected in extracts from all strains. Therefore, SAK011 was designated as a pyruvate formate-lyase-negative mutant, and this mutation resulted in the inability to regenerate NAD by aldehyde and alcohol dehydrogenases.
Nucleotide and deduced amino acid sequence of the pfl gene. The nucleotide sequence of the 3-kb PstI-XbaI fragment was determined as described in Materials and Methods. The 3,067-bp nucleotide sequence shown in Fig. 3 begins at a PstI site and ends at a XbaI site. The 2,325-bp open reading frame (ORF) encompasses residues 299 to 2623, beginning with an ATG and terminating with a TAA codon. This ORF encodes a 775-amino-acid protein with a calculated molecular weight of 87,533. This value is similar to that estimated for the pyruvate formate-lyase monomer purified from S. mutans JC2, i.e., 90,000 (22) . A potential ribosomebinding site (AGAGG) could be identified 10 bp upstream from the ATG initiation codon of the pfl gene. In addition, a promoter-like sequence (TTGTGT-N 17 -TAGAAT), which resembles the E. coli promoter consensus sequence, exists between residues 215 and 244, situated 55 bp upstream from the initiation codon of the pfl gene. An inverted repeat sequence characteristic of transcription terminators could also be detected between residues 2647 and 2676, situated 21 bp downstream from the termination codon of the pfl gene. The formation of a putative stem-loop structure in this region of the mRNA corresponds to a free-energy change of Ϫ75.3 kJ/mol. These results suggest that the pfl gene from S. mutans is monocistronic.
The amino acid sequences deduced from the pfl genes of S. mutans and E. coli (15) were aligned in Fig. 4 . These sequences have 43.7% identical and 76.5% conserved amino acid residues overall, with several more highly homologous stretches, e.g., residues 31 to 54, 165 to 196, 528 to 554, 599 to 619 (residues numbered in the S. mutans sequence). The pyruvate formate-
Construction of deletion and insertion mutants to determine the region responsible for the sorbitol-negative phenotype. In deletion mutants SAKLSQ57 and SAKL5YR2, fragments depicted by arrows were deleted and replaced by the tet r gene. Following transformation of GS-5IS3 with the linearized plasmid pSQ57 or p5YR2, individual mutants were constructed by double crossover recombination mediated through the homologous regions depicted by thick lines which have been subcloned into these plasmids together with the tet r gene. To construct the insertion mutants SAKC5Y2C1 and SAKC5Y2H1, fragments depicted by arrows were subcloned into pKmOZЈ18 together with the tet r or Em r gene, and the resultant plasmids were then utilized to transform GS-5IS3. The plasmids were integrated separately into chromosomes by a single recombination event mediated through the homologous fragments. Abbreviations: Srbϩ, sorbitol catabolism positive; SrbϪ, anaerobic sorbitol catabolism negative; B, BamHI; E, EcoRI; H, HindIII; K, KpnI; P, PstI; Sac, SacI; Sal, SalI; Sph, SphI; Xba, XbaI. lyase from E. coli was identified as an enzyme containing a free radical in its structure (9, 23) . The Gly-734 residue that is involved in the free radical in the active form of the enzyme in E. coli (25) was conserved at residue 737 together with the residues, Ser-736 and Tyr-738, in S. mutans (Ser-733, Gly-734, and Tyr-735 in E. coli). The S. mutans sequence ISCCVSP (residues 411 to 417) was also aligned at a similar position as that of the E. coli sequence IACCVSP (residues 416 to 422),
where the E. coli residue Cys-419 catalyzes hydrogen exchange of the glycyl radical of the enzyme and the adjacent residue Cys-418 plays an auxiliary role in the COC bond cleavage of pyruvate (13) . However, these free-radical and active sites were not included within the most homologous regions. These later stretches of amino acids may be important for maintaining a backbone for retaining a stereospecific conformation of the two Cys and Gly residues. In addition to homologous regions containing the free-radical and active sites between the two enzymes, previous results indicating that S. mutans pyruvate formate-lyase could be reactivated with S-adenosyl methionine, sodium oxamate, dithiothreitol, Fe 2ϩ , and ferredoxin (22) suggest that the S. mutans pyruvate formate-lyase may also be a free-radical-containing enzyme.
Another ORF was detected on the opposite strand immediately upstream from the promoter-like sequence of the pfl gene. This ORF, designated ORF1, began with an ATG initiation codon (residue 76) preceded by a potential ribosomebinding sequence (AGAGG) and was truncated at a PstI site (residue 1). Several candidates for promoter-like sequences for ORF1 were found between the ATG codon of ORF1 and that of the pfl gene. The nucleotide sequence determined upstream from the pfl gene indicated that the ORF1 encompasses both the PstI and SphI sites (left end SphI site in Fig. 1 ). Additionally, no potential ORFs encoding proteins were observed in the 739-bp region downstream from the termination codon of the pfl gene. However, another partial ORF (ORF2) encompassing the EcoRI sites downstream from the pfl gene (Fig. 1) was detected on the opposite strand relative to the pfl gene. Both SAKLSQ57, which was an ORF2 mutant constructed by deleting the 5Ј region of ORF2 from the chromosome, and SAKC5Y2H1, which was an ORF1 mutant constructed by insertion of plasmid into an ORF1 internal region, were sorbitol positive (Fig. 2) . Although the DDBJ sequence databases were searched with the FASTA program for similar amino acid sequences with the two amino acid sequences deduced from partially sequenced ORF1 and ORF2, no significant similar sequences could be found. Neither of the two deduced amino acid sequences had any similarity to that of the E. coli pyruvate formate-lyase-activase enzyme coded by the gene act (15) . These results suggest that neither of these two ORFs would be the act gene in S. mutans. Since the pyruvate formate-lyase enzyme of S. mutans is apparently a free-radical-containing enzyme because of its dioxygen sensitivity and its amino acid homology with the E. coli enzyme, the act gene should be present on the chromosome of this organism. However, the act gene may not be located close to the pfl gene, in contrast to the case with E. coli, where the act gene is located immediately downstream from the pfl gene (15) .
An active form of the pyruvate formate-lyase enzyme in Streptococcus sanguis was partially converted into a dioxygentolerant form which could be reactivated in vitro with cell extracts of the organism. However, the pyruvate formate-lyase in S. mutans cells remains dioxygen sensitive but is active under anaerobic conditions (21) . Cell extracts of S. sanguis could convert the isolated S. mutans pyruvate formate-lyase into a reversible dioxygen-tolerant form. Recently, the S. mutans enzyme could also be converted to a reversible nonradical form under specific conditions (2). These results suggested that S. sanguis expresses a pyruvate formate-lyase-deactivase (Pfl-deactivase) activity, and S. mutans may also contain the activity. The Pfl-deactivase of E. coli was recently identified as the polymeric enzyme harboring alcohol plus acetaldehyde or coenzyme A dehydrogenase activities (7, 8) . It will be of interest to determine whether streptococcal Pfl-deactivase is a multiple enzymatic alcohol dehydrogenase.
The regulation of pyruvate formate-lyase plays a central role in the change of fermentation product patterns in S. mutans, especially under carbon source-limited conditions or during metabolism of sugar alcohols under anaerobic conditions (26) . Therefore, the mechanism of transcriptional regulation of this gene still needs to be resolved in this lactic acid bacterium. The pfl gene of S. mutans was not located downstream from a small ORF detected adjacent to the E. coli gene (19) . Seven transcriptional start sites for the E. coli pyruvate formate-lyase mRNA spanning approximately 1,250 bp were identified in this region (19) , while divergently transcribed ORF1 was located only 222 bp upstream of the pfl gene as described above. In this respect, the physiological function of the divergently transcribed ORF1 still remains to be elucidated. In dental plaque, steep oxygen gradients exist between the oxic surface and anoxic subsurface areas. The oxygen supply within plaque can be inhibited as a consequence of reduced diffusion resulting from increased production of water-insoluble glucan from dietary sucrose by S. mutans (11) . In addition, exogenous forms of energy such as dietary sugars can promote oxygen consumption in dental plaque. Moreover, vastly fluctuating sugar supplies exist in dental plaque during and between meals. In such microenvironments, S. mutans should thrive because of its flexible metabolic controls. Experiments to determine whether the S. mutans pfl gene is transcriptionally regulated in response to aerobic or anaerobic conditions are currently in progress.
